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SECTION A-MATHEMATICS, PHYSICS, AND 
ASTRONOMY 
Presidential Address 
PHYSICAL QUANTITIES 
By Professor T. PARNELL, M.A., F.Inst.P. 
AT the first meeting of this Association held in Sydney in August, 1888, 
the title of the Presidential Address delivered to Section A by Mr. R. J. L. 
Ellery, F.R. S., was ' On the present position of Astronomical Knowledge '. 
This, I think, is a good illustration of the very great extension of our knowledge 
in the subjects dealt with by Section A during the last fifty years. To-day 
a president of Section A can only discuss very briefly a very small section 
of his subject. 
· 
By 1888 Physics was well established as an 'exact ' science, that is to 
say, most physical facts and Jlrocesses could be described adequately by 
mathematical equations, and Kelvin's ideal of a great comprehensive theory 
appeared possible of achievement, though the work of Maxwell, so brilliantly 
confirmed experimentally by Hertz in 1887, suggested that the theory could 
not be entirely dynamical. 
Ten years later the discovery of the electron opened up a new field of 
experimental research. The new physical facts demanded new theories, and 
relativily theory, quantum theory, and wave mechanics have profoundly 
modified physical thought. At first, experimental knowledge was in advance 
of theory, but mathematicians have developed new methods of attacking 
physical problems and now the mathematician is ahead of the experimental 
physicist, perhaps too far ahead, for one sometimes feels that modern 
mathematics can ' explain ' anything, whether or not what it explains happens 
to agree with experimental results. 
Classical theory has been shown to be inadequate as far as atomic and 
sub-atomic phenomena are concerned and in consequence there has been a 
tendency during the last thirty years or so to neglect ' classical physics ' and 
to concentrate on ' modern physics '. On the experimental side this tendency 
to over-emphasize the modern at the expense of the classical has been checked 
to some extent by the practical needs of the ' large-scale world ' of everyday 
experience. Maxwell's equations of the electromagnetic field do not apply to 
intra-atomic fields but they do apply to the fields of importance to the electrical 
engineer. Then, too, the experimental tests of modern theory depend 
ultimately on measurements made in accordance with the principles of 
classical physics. Modern theory is based on classical theory ; the same 
general principles and methods of thought apply but with a greater latitude 
of imagination and a greater use of abstraction and speculative thought. 
Recent attacks by philosophers (e.g. Stebbins and Dingle) suggest that 
this capacity for abstract and speculative thought has led some modern 
mathematical physicists into the error of converting physics into unsound 
metaphysics. Classical physics is by no means exempt from criticism on 
philosophical grounds. After fifty years we still find physicists using the 
same names with different meanings and this brings me to the subject of 
my address. 
18 
In one of his popular lectures to the Institution of Civil Engineers in 
188311> Kelvin made this often quoted statement, 'I often say that when you 
can measure what you are speaking about and express it in numbers you 
know something about it, but when you cannot measure it, when you cannot 
express it in numbers, your knowledge is of a meagre and unsatisfactory kind : 
it may be the beginning of knowledge, but you have scarcely in your thoughts 
advanced to the stage of science whatever the matter may ·be '. 
This is, of course, the basis of any ' exact ' science ; it is only when we 
can express our ideas in numbers that we can apply mathematical reasoning. 
But the matter goes deeper than that ; unless each symbol in our mathematical 
reasoning represents some definite and accurate physical concept and unless 
each mathematical operation represents to us some physical process, our 
knowledge is still of a ' meagre and unsatisfactory kind '. In terms of 
eighteenth-century theory for instance, in the equation for finding the specific 
heat of a solid the numbers represented by the symbols used, other than for 
mass, are somewhat indefinite and the physical quantities represented are 
quite empirical, whereas in the equation for the motion of a pendulum all 
the symbols represent definite physical concepts as well as numbers. 
In 1833 Gauss12> showed that magnetic quantities could be measured 
in terms of length, mass, and time ; the principle was soon extended to other 
physical quantities and the c.g.s. system, or simple modifications of it, became 
the established scheme of scientific measurement. Although the c.g.s. or 
'absolute ' system of measurement has been in use for a century, there has 
been, and still is, considerable difference of opinion concerning its precise 
significance and the principles underlying it. 
It is possible to describe most of the phenomena of the physical world in 
terms of physical quantities which themselves can be defined in terms of a 
limited number of physical quantities, accepted as fundamental, the definitions 
depending directly or indirectly on experimental laws. The choice of the 
fundamental quantities is arbitrary but is guided by practical and theoretical 
considerations. Since all other units are to be defined in terms of the funda­
mental units it is obviously desirable from the practical point of view to choose 
as fundamentals physical quantities of such a nature that standards can be 
reproduced with the greatest possible accuracy. From the theoretical point 
of view it is desirable that the mental concepts corresponding to the physical 
quantities shall be as simple and basic as possible, by which I mean the 
concepts most readily admitted by the mind as representing the end point of 
mental analysis. The number of fundamental concepts can be extended at 
will and for purposes of dimensional analysis it may be convenient to increase 
the number or to decrease it by introducing universal constants, but it is 
obviously most convenient to make use of the smallest number of primary 
concepts adequate to the description of the secondary or derived concepts. 
In the world of classical physics the most commonly accepted funda -
mental quantities are length, mass, and time, together with such additions as 
become necessary. In the world of modern physical theory quantities such 
as energy, action, and electric charge would appear to be more fundamental, 
but modern theory is still in such a state of flux that I think that a critical 
discussion of physical quantities from this point of view may well be postponed 
for a decade or two_ 
Secondary or derived physical quantities and their units are defined in 
terms of the fundamentals by means of mathematical equations depending 
directly or indirectly on experience and therefore the magnitude of the 
derived unit depends in a definite manner on the magnitudes of the 
fundamental units, this relation being expressed by the dimensions of the 
unit. Any mathematical equation representing physical phenomena must 
therefore be satisfied not only by the numbers representing the magnitudes 
of the physical quantities involved but also by the dimensions of the units 
of these quantities. From the strictly practical point of view the numbers 
are of the greatest importance and the dimensions of the units and the nature 
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of the physical quantities are of secondary interest only, so that the units 
may well be legal and not scientific. This view is expressed by G. A. 
Campbell(3l in a paper to the Physical Society of America advocating the 
adoption of the metre, kilogram, second, international ohm system of units. 
He states, 'presumably 98% of the members of the Physical Society have 
no call to devote valuable time to the revision of units ; they are interested 
primarily in using units as tools. Ne\·ertheless I believe that for the common 
interest the members of this society should actively advocate the international 
adoption of a definitive system of units, and that they should oppose the 
legalization of the c.g.s. system in the magnetic class or in any other way.' 
Many physicists, however, are interested in the theoretical aspects of 
physical equations as well as in the practical results achieved by their use 
and, as this is the aspect that I wish to discuss in this address, some further 
elaboration is necessary. As Riicker(•> and many others have pointed out 
when discussing units, the dimensions are essentially indeterminate. A 
very full discussion of this matter is given in Phys·ics, 'Phe Elements by Dr. 
N. R. Campbell. The equation used to define a physical quantity and to fix 
its unit contains an arbitrary constant which for convenience we generally 
suppress by assigning it unit value and zero dimensions ; by giving dimensions 
to these suppressed constants we can postulate a new fundamental concept 
for any new physical quantity and so add a new fundamental to the list used 
in assigning dimensions. Naturally it is more convenient, while remembering 
the existence of suppressed constants of unknown dimensions, not to use 
such constants explicitly unless it appears necessary. 
Various writers have pointed out that the accepted dimensions of the 
unit do not of necessity describe the nature of the physical quantity. Birge(•> 
in one of his recent pape;s writes, ' Every equation used in science . . .  gives 
a relation between numerical measures of certain quantities, not between the 
quantities themselves . . . it is to the unit that one assigns dimension or 
dimensions . . . one chooses primary and derived units, but not primary and 
derived quantities ', and again, (Gl 'There can be little doubt that this failure 
to draw the distinction emphasized by Abraham between the dimensions of a 
unit, which depend upon certain arbitrarily adopted conventions, and the 
intrinsic nature of the physical quantity itself, which is certainly not arbitrary 
whether known or unknown, lies at the base of the fruitless controversies that 
have been waged in this field during the past half century.' 
These statements leave us in a state of most undesirable uncertainty as 
to the nature of the physical quantities with which we build up physical 
theory. Birge states(?> that' The character of a physical quantity is a matter 
of philosophy, while the assigned dimensions of its unit are a mere convention 
having only arithmetical significance ' and the result of this differentiation 
is that he agrees with Abraham that the International Electrical Commission 
is wrong in regarding magnetic induction and magnetic force as different 
physical quantities. Latitude in thought and expression is very necessary in 
science and up to a point one can agree with N. Campbell's statement,(•> 
' Theorists express their equations in such a form as to be free from constants 
that are irrelevant to their particular argument . . . No fixing of practical 
units-with which he is not directly concerned-will make him abandon this 
convenient and excellent practice.' In theoretical work the choice of the 
value of the unit is of little importance-a reader can very quickly discover 
whether a writer is using astronomical units or Gaussian or Heaviside units­
but it is of very considerable importance that all physicists attach the same 
physical significance to physical quantities. Physical quantities are mental 
abstractions used to describe phenomena, their names mean what has been 
put into their definitions and the definitions are so chosen as to make the 
abstractions most useful in describing our experience ; if, then, physicists 
can agree on an adequate system of definitions, there can be no difference of 
opinion as to the nature of physical quantities or the dimensions of their 
units. 
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Aceepting the fundamental concepts of length, mass, and time, we form 
�eeundury concepts which are ' thought models ' mentally constructed from 
the fundamental concepts arnl which may be used in the construction of more 
complicated thought models. In the light of further experimental knowledge 
these thought models may require modification or complete reconstruction. 
Each new physical quantity defined represents a new concept which includes 
the suppressed constant of the mathematical equation, but the new concept 
is secondary in that it is a thought model built up by recognized mental 
processes from the fundamental concepts; the dimensions of the unit corres­
pond with the thought model, the value is fixed in the most convenient 
manner. T:'hysicists have, I think, developed this capacity for forming more 
eomplex concepts from simpler, so that mathematical operations represent a 
mental synthesis that has definite physical significance-for instance the 
vector product of two lengths represents the mental process by which we build 
up the secondary concept of area from the primary concept of length. When 
possible, therefore, the physicist, consciously or otherwise, includes the nature 
of the physical quantities as well as the dimensions of the units and the 
numerics in his interpretation of mathematical equations. Angle is not a 
number and torque is not the same physical quantity as work, but the equation 
(G.6)= vV represents a definite physical operation and is satisfied in all three 
respects. 
All mechanical phenomena can be satisfactorily described in terms of 
length, mass, and time. It is an open question as to whether additional 
fundamental concepts are necessary for the description of thei·mal phenomena. 
Heat is adequately described in terms of energy, but temperature is a more 
difficult quantity. In all physical equations temperature appears either as a 
ratio of two temperatures or in conjunction with constants to which dimensions 
might be ascribed. Ri.icker(•> suggests treating temperature as an additional 
fundamental quantity. Tolmann°> prefers to regard entropy as fundamental 
on the ground that entropy is an extensive (i.e. additive) quantity while 
temperature is intensive. Various writers have suggested that temperature 
8hould be given the dimensions of energy. N. Campbel](11> discusses the 
relative advantages of regarding temperature as having zero dimensions or 
the dimensions of energy and decides in favour of zero dimensions. Of these 
proposals the least suitable I think is to give temperature the dimensions of 
energy since temperature is essentially an intensive quantity and energy 
extensive. In terms of Kinetic theory we could regard temperature as some 
nmilerical multiple of the energy of some specified number of molecules, but 
this brings in the new and very complex concept of ' number of molecules '. 
Similarly entropy is obviously additive, so that if we wish to regard entropy 
a.s a probability the corresponding number must refer to a definite system. 
Macroscopically, neglecting small corrections we might define temperature 
in terms of the general gas equation 
pv = R!!!:..6. 
M 
The question then arises as to whether we a.re to regard 'molecular weight' 
as a mass proportional to the mass of a m.olecule or as a number characteristic 
of the gas, e.g. 32 times the rntio of t.he mass of a. molecule of the gas to the 
mass of a molecule of oxygen. In the former case R6 has the dimensions of 
energy, in the latter energy divided by mass. I\ we decide to regard the 
universal gas constant R a.s a number, then te1nperature has the dimensions 
of either energy or energy divided by mass. At present there appears to be a. 
very undesirable lack of uniformity of treatment, which could be remedied 
by a general agreement a.s to the convention to be adopted. In my opinion 
the simplest procedure is, from the macroscopic point of view, to regard 
temperature as a secondary concept with a. unit of zero dimensions, molecular 
weight as a number characteristic of the gas and the universal gas constant R 
as energy per grm. molecule per degree with corresponding interpretation of 
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quantities and constants in Kinetic theory and statistical thermodynamics. 
The precise convention chosen is of secondary importance as compared with 
the advantage of uniformity of nomenclature and meaning. 
Since the time when Gauss introduced the c.g.s. system into magnetic 
measurements and Maxwell incorporated the system in his electromagnetic 
theory, there has been much discussion as to the nature of electric and 
magnetic quantities and the dimensions of the units. The recent international 
decision to replace the semi-arbitrary international units by units based on 
the c.g.s. system has revived interest in the matter. In order to facilitate 
discussion the International Union of Physics set up a committee on Symbols. 
Units, and Nomenclature, which in 1932 circularized national committees of 
physicists asking them and their members to express opinions and to make 
suggestions as to a series of definitions and units to replace those based on 
Maxwell's system. Various conferences have been held but so far there has 
been no general agreement on what is, from the point of view of the physicist, 
the most important issue-the nature of the physical quantities. 
There are four fundamental experimental relations for electric and 
magnetic quantities ; these are most conveniently given by Coulomb's laws 
for the force between electric charges and the force between magnetic poles, 
the relation between magnetomotive force and current, and the relation 
between electromotive force and flux change. At present three main systems 
are in use, the electrostatic system which arb,)trarily assigns zero dimensions 
and unit value to Y., the dielectric constant of empty space in Coulomb's equation 
for electric charges, and in which µ, the permeability of empty space in 
Coulomb's equation for magnetic poles, has the dimensions L-2T2 and the 
numerical value 1 /c2 where c is the numerical value of the velocity of light; 
the electromagnetic in which for empty space µ is given zero dimensions and 
unit value, electric current is defined in terms of magnetic field, and x has the 
dimensions L-2T2 and the numerical value 1 /c2; and the Gaussian system 
in which Y. and µ for empty space are both given zero dimensions and unit 
value, current is defined in terms of electric charge and the relations between 
JVI.M.F. and current, and E.M.F. and flux change contain the constant 1 /c, 
where c must be given the dimensions of a velocity. The Heavisicle rational 
system involves no new ideas, it is derived from the Gaussian by a change in 
the numerical values of units which removes 4n: from some equations and 
inserts it into others ; the practical system is based on the electromagnetic 
system and involves no new ideas. 
Some writers retain both x and µ in their equations with the great 
advantage that the equations are correct for both the electrostatic and the 
electromagnetic systems, it is only necessary to insert the appropriate value 
of µ or x. A further advantage is that one can keep an open mind as to the 
nature ofµ and x, the only condition being that for empty space 
µx = 1/c2 
with dimensions L-2T2 and for other media [J. and x are numerical multiples 
of the values for empty space. 
The position as here outlined is obviously very unsatisfactory. In 
classical physics the system of physical quantities and their units should be 
based on the simplest and most basic concepts. Definitions should depend 
on equations that can be tested experimentally with great precision and the 
secondary physical concepts should be such as can, with suitable modification, 
be carried over to atomic and sub-atomic physics. 
In the electrostatic system Coulomb's equation, owing to the suppressed 
constant x, gives no indication of the nature of electric charge ; it in no way 
distinguishes between electric charges and magnetic poles or massive particles. 
Then, too, the fundamental relation between electric charge and magnetic 
field is based on very roundabout experimental evidence, and very few 
precision electrostatic measurements are possible. As usually formulated 
the electromagnetic system is based on Coulomb's equation for magnetic 
poles and the same objection applies. Moreover. the physical concept of a 
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magnetic pole is unsatisfactory, in fact as soon as we have used it to define 
magnetic force and intensity of magnetization it disappears from classical 
electrical theory, and in atomic and subatomic theory the term magnetic 
pole is meaningless. 
Measurements of electrical quantities can be made to a higher degree of 
accuracy in terms of electromagnetic units than in terms of electrostatic 
units and this suggests that any new system should be based on electro­
magnetic measurements and equations. There are two fundamental precision 
measurements in electromagnetic units. Current is measured by the force 
of attraction between two circuits (here assumed linear), the equation being 
oM 
F = I, I2 
ox 
where M is a property of the circuits given by 
M 
. 
"' 
ds1 ds2 cos z 
L 
= 
tJ.'l''J' 
r ' 
This equation can be used in any system as giving a relation between electric 
current, permeability (which includes any suppressed constant), and length, 
mass, and time. Resist.ance is measured in terms of the equation 
E 
= _dN. 
dt 
either by means of some form of Lorenz apparatus or in terms of calculated 
values of self or mutual inductance ; any one of the methods depends on 
equations connecting resistance, permeability, length, and time. 
All other electrical quantities can be defined and measured in terms of 
the mechanical quantities and either current or resistance. It follows that 
without any introduction of the idea of the magnetic pole and using equations 
representing precise experimental results, it is possible to define all mechanical, 
electrical, and magnetic quantities in terms of four fundamentals. Various 
combinations have been suggested. Dellingern21 and Brylinski1131 have 
suggested length, time, cwTent, and resistance, the units being the centimetre, 
second, international ampere, and international ohm. Kalantarov suggests 
length, time, flux, and electric charge. Many combinations are possible 
but there is little advantage in introducing a less basic concept and a less 
consistent standard in place of mass, and most physicists agree that the 
simplest system includes length, mass, time, and one electric or magnetic 
quantity. 
Revision of the c.g.s. system is overdue and in that revision it is desirable 
to consider the magnitude of the fundamental units as well as the equations 
and definitions. In the physical laboratory the cm. and gm. are not the 
most convenient units, still less so in technical work. The units of length 
actually used and quoted are generally given in terms of the metre and not 
the cm. Moderate lengths are most commonly given in mm., small lengths in 
micrometres, milli-micrometres or in ' tenth metres '. Again the gram is 
too small a unit for the engineer and together with the cm. leads to such small 
values of the dyne and the erg that we have to use high powers of ten in 
interpreting our calculations in terms of practical measurements. 
Giorgi in 1901 and independently Robertson in 1904 pointed out that if 
the metre, kilogram, and second were chosen as fundamental units \nost of 
the practical units retained their present values. The new unit of force, for 
which the names ' Newton ' and 'vis' have been suggested, would be 105 
dynes, the new unit of work the Joule and of power the watt. It is unfortunate 
that the new unit of stress, 10 dynes per sq. cm., would be less convenient than 
the present.practical unit, the bar. Opinion appears to be generally in favour 
of adopting the Giorgi system, i.e. the metre, kilogram, second, together with 
one electrical unit, in place of the c.g.s. system. In 1938 a committee of the 
American Association of Physics Teachersll<I decided to recommend the 
adoption ofM.K.S. units. The report preserves an open mind as to the nature 
of physical quantities and the dimensions of the units. Most of us deprecate 
23 
the use by engineers of the inch, pound, and degree Fahrenheit as units, and 
incidentally the universal but highly inconvenient and unjustified division 
of the degree•of angle into minutes and seconds, and the present calendar, and 
the British coinage. These systems have nothing but tradition to support 
them. The c.g.s. system has been in use for about a century, perhaps if 
physicists gave a lead by breaking with tradition and adopting a system of 
units more convenient for practical purposes it would assist the general 
movement in favour of more universal and convenient systems of measurement. 
At the Electrical Congress held in Paris in 1932110l it was agreed 
unanimously that the practical system of units should be derived from the 
c.g.s. system by multiplying by powers of ten and by a majority that B and H 
are quantities of different kinds, that the factor 4rt/10 should be retained 
in the practical definition of magnetomotive force, and that the system of 
magnetic units could be based on either Coulomb's equation for magnetic 
poles or on Ampere's formula for the force between elements of current. 
Some members advocated a system based on magnetic flux. 
This report was considered at the International Conference on Physics 
held in London in 1934, nsi which with cert8in reservations accepted these 
proposals and set out its conclusions in Table J. 
Flux 
Quantity 
designated. 
)fagnetic induction or . 
flux density. 
T.rnJ,E 1-ELECTRO)!AGXETIC lixJTS 
Symbol . 
'P 
B 
C.g.s. units. 
Defining 
equation. 
rlqi 
= 
lit 
fBdS 
-E 
-� ? 
Xn1nr. 
Maxwell. 
Gauss. 
Prncticnl units in terms of 
C.g.s. 
units. 
108 Maxwells. 
10' Gauss. 
Volt�ampi·re 
units. 
Volt second . 
Volt second 
cm.2 
per 
Magnetomotive force 
round a circuit. 
F F = 4rtXI G ilbert = 10-• Gilbert. 1/47t ampere-turn. 
Intensity of Magnet­
izing field. 
Permeability 
H 
µ 
Oersted cm. 
fH cos edl Oersted. 
= l' = 4rt"!'\I 
B 
µ=-
H 
Penncability. 
10-' Oersted. l/47t ampere-turn 
per cm. of path 
of H. 
108 Gauss Volt second per cm.' 
---· -
10-• Oersted l/47t ampere-turn 
per cm. length of 
path of H 
The Conference, while expressing a preference for the time being for 
regarding B and H as distinct quantities and for non-rationalized units, 
wished to preserve an open mind on these questions. 
These conclusions, while satisfactory to the electrical metrologist, are 
not of great value to the physicist; the important question as to the nature 
of the quantities, or in other words as to the conventions we should adopt 
in defining them, is left unanswered. · 
The question of rationalization is unimportant as no question of principle 
is involved, but a decision as to whether µ and x are ratios only or are physical 
quantities having dimensions is, I think, essential to a physicist's full apprecia­
tion of electrical theory. Definite difference of opinion still exists, Abraham 1171 
gives reasons for regarding B and H as the same kind of physical quantity 
and his views are supported by Birge, cm Bond, mi and others. 
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A discussion of the work of the Conference and the subsequent endorse­
ment of its resolutions by the International Committee for weights and 
measures is given by Glazebrook in the Proceedings of the Physical Society 
of London. <20> The Committee decided that a fourth unit is necessary in the 
M.K.S. system and that it should correspond with one of the practical electrical 
units. By a narrow majority of four to three the Committee decided in 
terms of the ohm as against the ampere. 
Glazebrook points out that the various committees, while realizing 
the theoretical implications of their findings, were more concerned with the 
setting up of a system of units than with the foundations of electrical theory. 
One can understand this point of view ; in conferences of the kind it is 
generally easier to get agreement on practical matters than on theoretical 
questions, but it is disappointing that it was not found possible to get 
general agreement on a scheme satisfactory from both points of view. If we 
agree that the suppression of significant undetermined constants or their 
elimination in terms of universal constants detracts from the physical 
significance of equations, with a consequent loss of mental content, we find 
it necessary to add a fourth fundamental concept as well as a fourth unit, 
and there seems to be no valid reason why the choice should not be satisfactory 
from the theoretical as well as from the practical point of view. 
Adopting the M.K.S. system of units the choice, as pointed out by the 
Comite Consultatif of the International Committee, lies between permeability, 
current, electric charge, potential difference, resistance, inductance, capacity, 
and flux, with their corresponding practical units. 
From the numerical point of view permeability is the simplest quantity, 
we obtain our electrical units by making the permeability of empty space 
10�7 in non-rationalized or 47t X 10-7 in rationalized units. From the 
theoretical point of view permeability is too complex a concept to be readily 
accepted as fundamental and again it is not a quantity that can be measured 
with precision. 
Of the remaining quantities resistance, current, and electric charge are 
the most suitable. Giorgi originally proposed the volt or the ampere but 
later the international ohm. This proposal of the international ohm as defined 
in terms of the resistance of a column of mercury has received the support 
of many physicists but has been rejected by the International Committee in 
favour of the ' true ohm ' defined as 108 electromagnetic units. The measure­
ment of resistance in terms of electromagnetic units is now probably more 
accurate than the construction of mercury standards and the calculation of 
their resistance in terms of the international ohm, so that the use of the 
international ohm only introduces an unnecessary complication into electrical 
measurement. At first sight there appears to be some practical advantage 
in the selection of resistance as the fourth quantity in that it is possibfo to 
construct material standards of resistance and thus to bring the fourth 
fundamental standard into line with length and mass. 
The original definitions of the metre and the kilogram were abandoned 
in favour of material standards which were rightly regarded as more definite 
and permanent. This suggests that it might be advantageous to abandon 
the ' true ohm ' and the international ohm and construct an ' international 
prototype ohm ' approximating very closely to the true ohm just as the 
international prototype metre and kilogram approximate very closely to the 
original definitions. Any advantage gained is, I think, more illusory than 
real. We now know that material standards of length are not permanent. 
There is definite evidence that the British standard yard and copies of it have 
changed appreciably and we have no reason to believe that smaller but 
appreciable changes are not taking place in the International metre ; in fact 
in the future, material standards of length will be replaced by a standard 
based on measurements of the wave length of light. There is as yet no 
reason to believe that the material standard of mass is liable to changes that 
could be detected by measurement and the standard of time appears to be 
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constant within about one part in a million per century, but no known 
resistance standards have a comparable degree of permanence. Wire.wound 
resistances show measurable changes due to changes in the molecular structure 
of the wire. In the case of any form of mercury standard there is the possibility 
of errors due to gradual change in the dimensions of the containing vessel 
and to lack of constancy of temperature (a change in temperature of l /1000° C. 
produces a change in resistance of a few parts in a million). Material 
resistances at present cannot be made with a precision of permanence over 
a period <{f years and of constancy during actual measurements much greater 
than the precision of ' absolute ' measurements of current and resistance that 
we may expect in the near future. 
Apart, then, from a sentimental attachment, based on tradition, to 
material standards there is little practical advantage in choosing resistance 
as the fourth fundamental rather than electric charge or current. Dimensions 
of units can readily be calculated in terms of resistance but it is difficult to 
accept resistance as a fundamental concept, whereas the concept of resistance 
is very readily built up in terms of electric charge or current. 
Currents can be measured to a very high de�e of precision by means 
of current balances and the unit may be defined by giving a definite numerical 
value to [l. in the equation for the force. If we wish for a less abstract definition 
we can define an ampere as the current which flowing in two infinite parallel 
wires one metre apart in empty space gives a force of attraction of 2 X l0-7 
M.K.S. units of force per metre. This is no more indirect a definition of a 
fundamental unit than is the wave length definition of the metre to which we 
shall soon become accustomed. 
The relation between current and electric charge is given by Q = It 
so that from the practical point of view it is immaterial which we take as 
fundamental and whether "·e take the Coulomb or the Ampere as the funda­
mental unit. It would be possible to define the Coulomb in a more practical 
fashion in terms of electrochemical action but the accuracy of voltameters 
is probably less than that of current balances. 
Several writers including Cramp, 121> Iliovici, mi and Sommerfeld 122> 
have advocated the adoption of electric charge as the fourth fundamental. 
Of all the quantities it is from the theoretical point of view the most satis­
factory to regard as fundamental ; it is the encl point of analysis in classical 
theory and is readily accepted by the mind as a fundamental concept. Other 
electrical quantities are readily defined in terms of charge and mentally 
interpreted as secondary concepts or ' thought models ' built up from it and 
length, mass, and time. Magnetic pole, if required at all, is defined in terms 
of magnetic force, and Coulomb's equation for the force between electric 
charges becomes an experimental law, with respect to the charges as well as 
the distance, which is tested indirectly by means of electrometers. 
Accepting Q as fundamental the dimensions of the other units are : 
Current . Q T-1 
Permeability . . Q-2 L M 
Difference of Potential Q-1 J,' M T-2 
Electric Force . . Q-1 L �f T-2 
�l�l����i,P�g),:i;:�te
nt 
8• t�: �I-1 T' 
Resistance . . . . Q-' L' M T-1 
MagnetomotiYe force Q
Q 
T-1 
'.llagnetic force L-1 T-1 
Flux . . . . . . Q-1 L' M T-1 
'.lfagnetic Induction. . Q-1 M T-1 
Inductance Q-' L' �I 
Capacity . . Q.' L-2 M-1 T' 
'.lfaiinctic pole Q-1 L' M T-1 
As pointed out by Cramp, all the indices are whole numbers. This is convenient 
but does not necessarily have any theoretical implications. 
If we accept this scheme, or in fact any other scheme involving a fourth 
fundamental concept, and make use of the experimental equations of the 
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electromagnetie field, then magnetic induction differs in nature and dimensions 
from magnetic force and electrostatic induction from electric force. If 
consideration of the properties of magnetic substances and material dielectrics 
requires the use of physical quantities of the same nature as magnetic force 
and electric force but differing in value, these should be regarded as new 
physical quantities and be defined as such. Arbitrarily to regard either µ. 
or x as a number implies a relationship between mechanical and electrical 
phenomena of which at present we have no knowledge (I am speaking of course 
in terms of classical physics). 
It is now fifty years or so since Kelvin admitted his failure to find a 
mechanical explanation of electrical phenomena and the work of the past fifty 
years suggests that the problem is insoluble, but the electromagnetic, electro­
static, and Gaussian systems as generally used imply such an explanation 
and in consequence lead to confusion of ideas and unnecessary ambiguities in 
nomenclature. The universal acceptance of a fourth fundamental concept, 
preferably electric charge, would lead to definite and unequivocal ideas as 
to the nature of physical quantities, remove ambiguities, and make classical 
physics a more logical and exact science. 
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